The field of stem cell biology is exciting because it provides researchers and clinicians with seemingly unlimited applications for treating many human diseases. Stem cells are a renewable source of pluripotent cells that can differentiate into nearly all human cell types. In this article we focus particularly on human embryonic stem (hES) cells, derived from the inner cell mass of the blastocyst and cultured for expansion while remaining undifferentiated, to explore their unique molecular personalities and clinical applications. The aim of this literature review is to reflect the interest in hES cells and to provide a resource for researchers and clinicians interested in the molecular characteristics of such cells. Clin. Anat. 32:354-360, 2019. 
INTRODUCTION
The evolution of biological knowledge, and the use of human embryonic stem (hES) cells following the first report of their derivation from mouse blastocysts in 1981, has given birth to an exciting field, motivating further study of human cell development and differentiation. The level of interest in this field is seldom seen elsewhere (Evans and Kaufman, 1981; Martin, 1981) , but the attention hES cells receive is well deserved. Their inherent biological traits (i.e., indefinite proliferation, pluripotency, and genotypic normalcy) have enabled us to envisage boundless applications to disease treatment, cell therapy, and regenerative medicine (Nakatsuji and Suemori, 2002; Fritsch and Singer, 2008) . Embryonic stem cells are selected at specific developmental milestones, obtained before endometrial implantation of the blastocyst, the interval before they are embedded in the thickened stratum of uterine wall; they are called "blastomeres" during the blastocyst stage of embryonic cleavage (Standring, 2016) . On the fifth day of development, the first differentiation is observed wherein the inner cell mass (ICM) emerges; cells of the ICM are pluripotent (can differentiate into any type of cell) and once harvested can undergo mitosis indefinitely in culture (Cruz et al., 2012; Yu and Thomson, 2016) . After they are removed from the blastocyst, ICM cells destined for culture are named hES cells.
The isolation of hES cells led to a more convenient and reliable model for studying human cellular development and differentiation than embryonal carcinoma (EC) cells. At one point, before the work of Thomson, Martin, and Evans with mouse, primate, and human ES cells (Thomson et al., 1995; Pera et al., 2000) , EC cells were the gold standard stem cell model. Currently, hES are used in various types of tissue engineering and are undergoing rigorous investigation for their regenerative potential in the treatment of *Correspondence to: R. Shane Tubbs, Seattle Science Foundation, 550 17th Ave, James Tower, Suite 600, Seattle, WA. E-mail: shanet@seattlesciencefoundation.org diseases such as Alzheimer's, multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), cardiovascular ischemic lesions, and diabetes mellitus; this list is not exhaustive (Orlic, 2003; Urbanek et al., 2005; Dimos et al., 2008; Wong and Chang, 2009; Martino et al., 2010; Uccelli et al., 2011; Tabansky and Stern, 2016; Dang et al., 2018) .
Considering the growing interest in this field and its promise in disease treatment, regenerative medicine, cell and gene therapy, and in deepening our understanding of human cellular development, detailed discussion of these areas seems appropriate. We also consider the future trajectory of their clinical applications.
DISCUSSION
What is an hES Cell? James Thomson, considered the father of hES cell research and predictor of future discoveries in the field, describes this class of embryonic cells as distinguished by their "developmental plasticity" and by how they can be derived in the first place. hES cells are derived from in vitro-fertilized embryos, harvested once the ICM sprouts from the inner layer of the blastocyst. The cells of the embryo, although primitive, demonstrate self-regulatory behavior. An embryo at the pre-implantation stage, if cut in half, can form two distinct embryos that develop to full term; if two embryos at different developmental milestones are fused, the resulting single aggregate embryo again develops normally and contains genetic information from four different parents (Thomson, 2001) . This developmental plasticity is what allows these embryonic cells to mix at different stages of development while still maintaining their ability to develop normally. hES cells are effectively an empty canvas. Once removed from the blastocyst and induced by specific molecular factors, they begin to multiply and differentiate into their respective cellular groupings. The cells of the ICM can differentiate into any cell of the human body, but have limited ability to replenish themselves in utero. Their pluripotent behavior is maintained in cell culture but here they can reproduce and replace themselves indefinitely.
Before hES cells were developed, this phenomenon was practically unheard of in human cells. Teratoma masses contain cells of all three germ layers, but cells isolated from the human ICM were not considered until the work of Thomson in 1998 (Thomson et al., 1998 . EC cells were the best models for studying developmental mechanisms and differentiation, as they were the first self-derived pluripotent cells to be described before ES cells (Kleinsmith and Pierce, 1964) . Since they were the stem cells of malignant teratocarcinomas they would metastasize and kill the host when implanted into an adult, though they expressed cells of the three germ layers in vivo. This was one of many drawbacks of EC cells until it was discovered that they could follow a normal developmental cycle if injected into the blastocyst (Gardner, 2013) . They could integrate into the blastocyst and give rise to most tissues of the body, but they tended to form teratocarcinomas in chimeric murine offspring at birth or during later development; or those mutations would virtually arrest the embryonic developmental process and kill the fetus before birth (Gardner, 2013) . ES cells, derived from the blastocyst instead of testicular tumors, share the pluripotency of EC cells and form teratocarcinomas in syngeneic or immunocompromized non-syngeneic murine models; otherwise, they solve problem of failure of embryonic development when transplanted into embryonic environments, and address the many other drawbacks of EC cells (Gardner, 2013) . ES cells then became the next focus of interest, each discovery setting the stage for the eventual isolation of hES cells.
The excitement about hES cells was unbounded until an ethical firestorm, unleashed by religious and political sectors, ended in defunding and strict limitations being placed on the study of then-current cell lines; the Bush Administration authorized that only currently existing hES cell lines could be investigated, and no derivation of additional cell lines would be permitted. Regulations have since become more lenient. The embryos for generating hES cell lines are left over from in vitro fertilization or obtained from couples specifically requesting the embryos to be donated to science.
HES Cell Standards
Discussion of the salient biological minutiae of hES cells must be based on the criteria that provide an inclusive definition of those cells:
• hES cells are derived from the ICM of the human blastocyst at either the pre-implantation or periimplantation stage of embryonic development (Yu and Thomson, 2016) ; • hES cells are karyotypically normal even after extensive proliferation; there is no aneuploidy even after several multiplications of the original population Kiessling et al., 2003) ; • Upon induction, hES cells should differentiate into any of the three embryonic germ layers at any point in the cell culture timeline Reubinoff et al., 2000) ; • There should be large-scale cloning with completely suppressed differentiation ; • hES cells must express the molecular markers of pluripotent cells (see Table 1 ).
Only a few years after the first hES cells were isolated, Pera suggested that pluripotent ES cells should be able to differentiate spontaneously into any of the three embryonic germ layers. However, this phenomenon had previously been observed only in mouse ES and embryonic germ (EG) cells . Spontaneous differentiation of ES cells had been well demonstrated in lower vertebrate models, but the capacity of hES cells to transform spontaneously into the three germ layers was not established until much later (Evans and Kaufman, 1981; Martin, 1981; Handyside et al., 1987; Thomson et al., 1995; Itskovitz-Eldor et al., 2000) . Trounson described the maintenance of normal hES cell morphology and karyotype after plating HES-1-and HES-2-derived cells on feeder mouse fibroblasts . No karyotypic mutations were observed after 384 and 264 population doublings, respectively; grafting these ES cells into severe combined immunodeficiency (SCID) mice produced various teratomas in the testicular strata (which had lacked malignant teratocarcinomas) containing tissues from all three germ layers such as cartilage, squamous epithelium, primitive neuroectoderm, neuronal superstructures, muscle, bone, and glandular epithelia . In addition to reversing disease, hES cells can infiltrate and replenish damaged regions of organs after implantation, for example, remuscularization of infarcted myocardium, neuronal precursor cells for repairing CNS injury, and regeneration of glucoseresponsive pancreatic tissue (Zhang et al., 2001; Laflamme et al., 2007; Kroon et al., 2008) .
Molecular Anatomy and Physiological Characteristics of hES Cells
As mentioned above, the molecular markers and surface antigens of pluripotent cells are among the defining criteria for hES cells. Early in the history of stem cell research, those markers allowed scientists to confirm that ES and EC cells were analogous in respect of their molecular personalities, and they now enable us to monitor the differentiation and developmental behavior of these cells in vitro and in vivo.
Among the various markers of hES cells (see Table 1 ) unique to early embryonic cell maintenance, communication, and proliferation is OCT4 (also seen as OCT3, OCT3/4), a major directing transcription factor with particular expression in early embryonic cells, encoded by the Pou5f1 gene and frequently used as a marker for pluripotency (Shamblott and Sterneckert, 2004; Shi and Jin, 2010; Zeineddine et al., 2014) .
OCT4 maintains the ICM while preventing the differentiation of this mass of cells into trophectoderm (Nichols et al., 1998) . Knocking out OCT4 prevents formation of the ICM. When it is absent, cells destined to form the ICM differentiate into members of the extraembryonic trophoblast lineage, and proliferation of the trophoblast is restricted (Nichols et al., 1998) . Fibroblast growth factor-4 (FGF4), a protein activated by OCT4 expression, restores the proliferative potential of the trophoblast cells (Tanaka et al., 1998) . OCT4 expression surges in pluripotent cells, preventing them from transforming from their undifferentiated state. OCT4 can also induce somatic cells to pluripotency, a technique now used for preparing iPS cells (Shi and Jin, 2010; Zhu et al., 2010) . Acting together with OCT4 are SOX2 and NANOG, transcription factors that suppress the specification of pluripotent cells and maintain their capacity for self-renewal (Wang et al., 2012) . OCT4 and SOX2 operate in tandem and form a complex at the sox-oct element of Sox2. As further evidence for their roles in suppressing differentiation, polarized expression, or knockout of OCT4, SOX2, or NANOG leads to lineage specification of ICM cells (Wang et al., 2012) . NANOG is crucial in this process as it monitors and maintains the expression of OCT4 and SOX2 by interacting with their respective genes, Pou5f1 and Sox2. Furthermore, through regulation of Fox3d and Setdb1, NANOG exerts control over cellular fate determination (Loh et al., 2006) . BMP4 also assists in maintaining pluripotency and ES cell self-renewal via inhibition of the extracellular receptor kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) pathways, responsible for downstream signaling of mitogens and growth factors that induce cellular division and differentiation, for example, LIF, FGF, and BMP (Qi et al., 2004) . Qi et al. demonstrated that introduction of exogenous BMP4 to BMP4-null ES cells causes an immediate reduction in activity of both ERK and MAPK (Qi et al., 2004) . Members of the transforming growth beta (TGFB) pathway, LEFTY1, LEFTY2, and GDF3, are also expressed in pluripotent cells, declining sharply after cellular fate designation (Levine and Brivanlou, 2006) . Other important markers of hES cells include REX1 (Cowan et al., 2005) , ESG1 (Tanaka et al., 2006) , DDPA2 (Du et al., 2010) , hTERT (Xu et al., 2004) , TRA-1-60, and TRA-1-81 (Schopperle and DeWolf, 2007 ) (see Table 1 ).
Markers of Induced Progenitor Cells
To specify a particular cell lineage, hES cells must be bathed in molecular factors that designate them for the desired cellular fate. Brachyury, a member of the T-box family of genes, is an essential transcription factor that allows the developmental environment, or niche, for sustained growth and differentiation of mesodermal cells to be accessed (Keller et al., 1993; Martin and Kimelman, 2010) . Zeta-globin, a common marker for immature hematopoetic stem cells, has also been used to induce pluripotent stem cells into the mesodermal lineage . The erythyroid-specific transcription factor NF-E1 also demonstrates coordinated expression with the globins for specification and growth of hematopoietic cells (Lindenbaum and Grosveld, 1990) . Adipose cells, also of mesodermal origin, can be induced via retinoic acid (RA) with dimethylsulfoxide (DMSO), yielding high levels of adipogenesis. The hES-derived adipocytes typically express glycerol-3-phosphate dehydrogenase (GPDH) (a necessary enzyme for fat metabolism) and adipocyte-lipid binding protein (ALBP). Dani et al. induced the ZIN40, E14TG2a, and CGR8 stem cell lines into adipocytes using RA and an adipogenic hormone medium (insulin and triiodothyronine), and found these lines to contain fully differentiated adipocytes, as indicated by observations of triglyceride metabolism in the induced cells (Dani et al., 1997) . Schuldiner et al. (2000) determined through identification of various growth factors that Activin-A and TGFβF1 also contribute to the induction of mesodermal cells, and RA, epidermal growth factor (EGF), BMP-4, and FGF induce mesodermal and ectodermal specification . It was further determined that nerve growth factor (NGF) and hepatocyte growth factor (HGF) can induce specification into any of the three embryonic germ layers .
Cardiomyocytes, readily identified by α-smooth muscle actin and β-myosin expression (Laflamme et al., 2007; Leor et al., 2007) , have been derived from hES cells (71%-95% purity) using a BMP-4/Activin-A system. Their transplantation into infarcted cardiac tissue offers promising, non-invasive alternatives to placement of pacemakers. However, when there is extensive tissue death in the myocardium of the left ventricle, for example, calculated measures must be taken to ensure delivery of a sufficient number of pure cardiomyocytes to the infarcted area, which relates directly to the development of methods for producing and converting hES cells on a large scale. Interestingly, Laflamme et al. demonstrated a 90% engraftment success rate using cardiomyocytes derived from hES cells into uninjured murine myocardium, with full functionality and electromechanical coupling to the heart's conduction system (Laflamme et al., 2005) , but the graft rate when the cells were inserted into infarcted tissue was only 18%, suggesting some ischemia-related or inflammatory mechanism for rejecting the transplanted cardiomyocytes (Laflamme et al., 2007) . A "survivability cocktail" was designed to address this problem, consisting of Matrigel to prevent anoikis, peptide Bcl-XL and cyclosporin-A to mitigate mitochondria-directed cell death, pinacidil to influence ATP-gated K + channels, IGF-1, and a caspase inhibitor to enhance metabolic functionality; when these were combined there was a sevenfold increase in graft area (Laflamme et al., 2007) . Multifold processes of cell death after transplantation might be navigated by exploring methods of survivability, requiring an extensive understanding of the molecular basis of rejection, which currently poses a challenge in regenerative medicine.
Cells of the nervous system demonstrate elegant variation, each with unique molecular characteristics; this is also true of early neuronal cells. SOX1 is generally the first marker expressed once the hES cell commits to the neural lineage, and then through its neuroepithelial expansion, PAX6 is observed. Downstream, neural cells committed to the anterior CNS are marked by FOXG1, and those of the neural crest by p75 (see Table 2 ) (Chambers et al., 2009) . The therapeutic potential of hES-derived midbrain dopamine neurons is also being explored as a route to reversing the effects of Parkinson's disease, the development of which results in the death of dopaminergenic neurons, leading to the characteristic tremors in patients with this disease (Perrier et al., 2004) . Noggin (NOG), an effective BPM antagonist and inhibitor of downstream TGFβ growth factor signaling, is widely used to induce hES cells to the neuronal lineage with high yield and functionality (Lim et al., 2000) . Furthermore, co-induction with SB431542, an inhibitor of growth factors LEFTY, Activin, and TGFβ, makes the efficiency much greater (over 80% induction) than the use of NOG or SB431542 alone (<10%) (Chambers et al., 2009 ). hES cells have been used to generate retinal precursor cells, known to be scarce or even absent in human adults. Successful derivation of RPE cells uses BMP signaling antagonists and the inductive factor for designation to the neural retinal cell lineage, insulin-like growth factor-1 (IGF-1) (Lamba et al., 2006) . The expression of transcription factors for early eye field development such as PAX6, abundant during retinal cell development but not expressed when the cell progresses to full maturity, and MITF and OX2, is also necessary for growth and functionality. The Wnt/beta-catenin pathway also influences the differentiation of retinal pigmented epithelial (RPE) cells through regulation of MITF and OX2 (Fujimura et al., 2009; Westenskow et al., 2009 ).
Future Trajectory for hES Cells in Regenerative Medicine
The promise of human embryonic stem cells is that one day we will be able to generate any cell type so that the effects of many injuries, diseases, cancers, and degenerative disorders can be completely reversed. However, there are many academic and institutional barriers to the fulfillment of that promise: identifying and controlling the specific molecular pathways that designate the lineage of a cell type or demonstrating their functionality in vivo and pushing their use to preclinical and clinical paradigms. Countless cell types derived from hES cells can demonstrate full functionality and are aimed at reversing major diseases such as diabetes, Alzheimer's, Parkinson's, ALS, and MS, and macular degeneration. They even promise to reverse many types of paralysis from spinal cord injury.
Derivation of insulin-and glucose-responsive cells from hES cells has been well demonstrated, and other peptide hormone-secreting cells able to generate somatostatin, pancreatic polypeptide, and ghrelin have been successfully differentiated (Assady et al., 2001; Kroon et al., 2008) . Assady et al. (2001) isolated insulin-secreting pancreatic β-cells in high yield and showed them to express the genes for GLUT2 and islet-specific GK, vital for the glucose-responsive secretion of insulin. Though these cells have been successfully derived in vitro with hormonal functionality and sensitivity, imitating true embryonic conditions remains a challenge. Solving one of the problems that concerns the production of many highly specialized cells, directing their stepwise differentiation, requires precise developmental models and conditions. D'Amour et al. directed the precise development of insulin-secreting cells through a five stage differentiation model, from OCT4 and NANOG expression as endodermal cells, to their expansion into primitive gut tube, posterior foregut, pancreatic endoderm and endocrine precursor, and finally hormone-expressing pancreatic cells (D'Amour et al., 2006) . Fully functional pancreatic β-cells derived from hES cells would effectively replace exogenous insulin treatment as a renewable source of cellular therapy, greatly enhancing the quality of life for countless individuals affected by type 1 diabetes.
Parkinson's disease involves the progressive death of dopaminergenic neurons in the substantia nigra of the midbrain, resulting in neuromuscular symptoms such as tremors, rigidity, and retardation of movement. Furthermore, many individuals with Parkinson's disease (upwards of 40% affected) report a myriad of different types of musculoskeletal or neuropathic pain, exacerbated by the constant hypertonicity of skeletal muscle and neuronal death, ranging from aching and cramping to dystonia in the face and pharynx, along with burning sensations in the skin (Ford, 1998) . Dopaminergic neurons of the midbrain function by raising the pain threshold to conscious perception, and their dysfunction and further death as a result of progressing Parkinson's could be reversible via transplantation of dopaminergic neurons derived from hES cells. Dopaminergenic neurons have been obtained successfully in vivo (Park et al., 2005) , and full functionality and high levels of dopamine release (1,283 AE 421 pg/mL) were reported by Perrier et al. (2004) .
Spinal cord injury is another serious clinical issue with few options for treatment, only management through medication, myoelectrically controlled neuroprostheses to restore hand and some lower extremity function (Ho et al., 2014) , physical and occupational therapy, and supportive consultation. These options are not known to restore full function, but only partial motion of certain areas using myoelectrical prosthetics. The transplantation of hES cell-derived oligodendrocyte progenitor cells is an exciting possibility for preclinical models of spinal cord injury treatment, aimed at rejuvenation through remyelination of the affected areas. Keirstead et al. (2005) reported successful and functionally-directed differentiation of hES cells into oligodendrocyte progenitor cells that could remyelinate and improve locomotion in adult rats with spinal cord injury. Neuroprogenitor cells have also been grafted in primates with spinal cord injury by Rosenzweig et al. (2018) ; robust axonal regeneration with fully functional synapses expanded outward from the engraftment area and formed a neural relay site with existing spinal cord tissue. Additionally, corticospinal axons, known for their role in voluntary skeletal muscle contraction, migrated into the graft site in these primates, with enhanced limb functionality (Rosenzweig et al., 2018) . These findings point toward future achievement of the same results in the clinic, but regenerative medicine and stem cell research still face significant barriers: establishing the extensive biological and molecular knowledge necessary for directed differentiation in vivo, and the prevention of cell death after transplantation.
CONCLUSION
Stem cell research remains a frontier of research with potential for achievements beyond the imagination. From restoring insulin function in diabetics to restoring locomotion in individuals affected by paralysis, each new discovery brings us closer to treating even the most intractable diseases so that individuals can live in health, unencumbered by sickness.
